pyrosequencing, 8 and nanopore sequencing. 3 Among these many developing sequencing technologies, SBS method is an interesting topic for bioorganic chemists because the chemical modification of dNTP is a key issue to successfully perform SBS method.
Similar to the conventional Sanger sequencing method, SBS also takes advantage of termination of DNA polymerization by incorporation of 3'-OH-modified nucleotides. The Sanger method has the sequential signal decay due to the partial incorporation of dideoxynucleotides (ddNTPs). In contrast, the SBS method uses dual-labeled dNTPs in which the nucleobases are fluorescently labeled for detection of the incorporated base, and 3'-OH is modified with a blocking group for termination of DNA synthesis. The 3'-O-blocking group is removable to reversibly generate 3'-OH for the next polymerization reaction without partial loss of sequences. Typically, a SBS method works on immobilized primer sequences and consists of three basic steps: 1) incorporation of the reversible terminator dNTPs, 2) detection of fluorophores labeled on the nucleobases of the incorporated monomers, and 3) removal of reversible blocking groups of 3'-OH and fluorophores on bases to regenerate free 3'-OH group for the next incorporation cycle.
In the past decade, several reversible blocking groups for 3'-OH such as 3'-ester, 9 3'-O-allyl, 10 3'-O-hydrocarbyldithiomethyl, 11 3'-O-dithioethylcarbonate, 12 and 3'-O-azidomethyl 2 have been developed, and some of them are currently utilized for SBS technology. The fluorophores for analysis of the incorporated dNTPs are usually labeled on bases via a propargyl amine-based linker. The linker part would still remain on each base after the cleavage step of fluorophores and blocking groups. The residual linkers would be accumulated, influence the efficiency of DNA synthesis, and eventually inhibit the polymerase after several cycles of SBS. Instead of the dual-labeled nucleotides, if SBS can utilize 3'-O-monolabeled nucleotides in which the 3'-O-blocking group plays a role as a signal reporter as well as a reversible terminator, labeling on bases with fluorescent molecules would no longer be necessary. However, due to the bulky size of usual fluorescent molecules, previous attempts to incorporate a dNTP containing a fluorophore on the 3'-position by DNA polymerase were unsuccessful. 13, 14 Development of a reporting system on 3'-hydroxyl group which uses signals other than emission from fluorophores for sequencing and acts as a 3'-O-blocking group would enable us to perform SBS without any label on bases. For example, small mass tags can work as both a signal reporter and a 3'-O-blocking group.
In this study, we report the synthesis of nucleotides with small allyl-based reversible 3'-O-blocking groups, which would work not only as a terminator of the polymerization but also as a mass tag to sequence the base by means of mass spectrometry, and our results present an possible extension of the bulkiness of allyl-based 3'-OH blocking group, which is one of the major issues in SBS.
As the allyl group was previously used as an efficient reversible blocking group for 3'-OH of dNTP, 10 we have designed nucleotides containing an allyl-based functional group at 3'-OH that can be used as a reversible blocking group and a mass tag in SBS. For a proof of the concept, we decided to prepare a purine (dTTP) and a pyrimidine (dATP) nucleotide in which 3'-OH was blocked by allyl and 2-methylpropenyl group, respectively. The 2-methylpropenyl group was expected to be removed under the same condition previously used for deallylation. 15 3'-O-Allylated dTTP (al-dTTP) has been synthesized according to the literature. 1 The synthesis of 3'-O-(2-methylpropenyl)-dATP (mp-dATP) started with 2'-deoxyadenosine (1) (Scheme 1). 5'-OH and 4-NH2 were protected by tert-butyldimethylsilyl chloride (TBS-Cl) and N,N-dimethylforamide dimethyl acetal, respectively, to yield protected alcohol 2. 3'-Hydroxy group of 2 was subsequently blocked by 2-methylpropenyl bromide to produce alkylated ribose 3. 
) using appropriate primers and templates as presented in Table 1 for incorporation of mp-dATP as well as al-dTTP. After polyacrylamide gel electrophoresis (PAGE) analysis, upon using mp-dATP for primer extension we could clearly observe its incorporation only by Therminator II (Figure 1a) . Successful incorporation of al-dTTP by Therminator II and termination of the polymerization were also observed as expected (Figure 1b) . The single nucleotide extended primers were obtained almost quantitatively using the templates containing a stretch of the complement bases, suggesting that the DNA synthesis was terminated after incorporation of our 3'-O-modified nucleotides. These results clearly demonstrated that not only the allyl moiety but also the 2-methylpropenyl moiety could be used for terminator of DNA polymerization. Because of the blocking group on 3'-OH, terminated DNA strands created by mp-dATP (lane 4 in Figure 1a ) and al-dTTP (lane 4 in Figure  1b ) migrated slightly slower than the control strand for single nucleotide extension with ddATP (lane 2 in Figure 1a ) and ddTTP (lane 2 in Figure 1b) , respectively. The other polymerases tested were unable to accept mp-dATP and al-dTTP as substrates. Unexpectedly, when the 9°Nm polymerase was used for the primer extension experiment, degradation of primers was observed. This might be due to exonuclease activity of the 9°Nm, which is possibly less suppressed compared with that of the other polymerases. To examine subsequent DNA synthesis after incorporation of the 3'-O-modified nucleotides and cleavage of the blocking groups, we attached the biotinylated primer containing a poly(dA) or poly(dT) stretch to streptavidin-coated magnetic beads. After obtaining the first extension product with mp-dATP (lane 3 in Figure 2a ) or al-dTTP (lane 3 in Figure  2b ), the primer bound on the magnetic beads was washed. According to the literature, 10 the cleavage reaction was carried out by incubation of the first extension product immobilized on magnetic beads with the Pd catalyst at 70 o C for 10 min, and analyzed on PAGE. The gel data illustrate that the product band from the cleavage reaction (lane 4 in Figure 2a , b) migrated at the same rate as the dideoxynucleotide control (lane 2 in Figure 2a, b) , demonstrating successful de-blocking at 3'-OH. Additional extension on the de-blocked oligonucleotide with mp-dATP (lane 5 in Figure 2a) or al-dTTP (lane 5 in Figure 2b ) afforded subsequent elongated products. This result suggests that different blocking groups such as methylpropenyl and allyl moiety can be used as reversible blocking group for SBS, and simultaneously removed under the same condition, which is important for the overall efficiency of SBS. Moreover, after removing the blocking group on 3'-OH the modified nucleotide is transformed back into its natural state, which should not disturb the subsequent incorporation of nucleotides, unlikely the case with the dual-labeled nucleotides.
In summary, this paper presents the first result, to our knowledge, that describes sequencing-by-synthesis using reversible 3'-O-blocking groups as mass tags for DNA sequencing. Our mono-labeled nucleotide-based SBS method can potentially contribute to address the read length problems currently existing in the SBS technology. Detailed mass analysis results will be also reported in near future Spectral data of compound 5: 
